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Uranyl nitrate-induced acute renal failure in the rat: Micro-
puncture and renal hemodynamic studies. Rats were studied after
uranyl nitrate administration to define the mechanism(s) re-
sponsible for acute renal failure (ARF). Early (six hours) in the
course of ARF, proportional decreases occurred in renal blood
flow rate (RBF) and whole kidney and single nephron glome-
rular filtration rates (GFR), to 64%, 67% and 69% of control
values, respectively. The stability of single nephron GFR at
puncture sites more distal to the glomerulus, appearance of i.v.
administered lissamine green in distal tubules and relatively
normal proximal intratubular hydrostatic pressure are not con-
sistent with a dominant role for transtubular "leak" of glomer-
ular filtrate or tubular obstruction in the diminution of GFR at
six hours. At 48 hr, further proportioned decrements in RBF and
GFR, to 29% and 26°/ of control values, respectively, were ob-
served. Proximal single nephron GFR values could only be
obtained at earlier puncture sites suggesting that micropuncture
studies late in this model of ARF were limited by uranyl nitrate-
induced anatomic alterations. Analyses of 133Xe washout, 85(I
autoradiographs and silicone rubber renal vascular casts de-
monstrated progressive, patchy renal cortical ischemia. The
data suggest that altered renal hemodynamics were responsible
for diminished renal function after uranyl nitrate administration
in the rat although "leak", especially at 48 hr, was not conclu-
sively excluded.
Insuffisance rénale aiguë par le nitrate d'urane: Etude hémo-
dynamique et par microponctions. Des rats ont été étudiés aprés
administration de nitrate d'urane afin de préciser le ou les
mécanismes de l'insuffisance rénale aigué (ARF). Au cours de
cette ARF ii apparalt précocément (six heures) une diminution
proportionnelle du debit sanguin renal total (RBF), de Ia filtra-
tion glomérulaire globale et des filtrations glomérulaires indivi-
duelles respectivement a 64%, 67% et 69% des valeurs contrôles.
La stabilité de la filtration glomérulaire individuelle a distance
du glomCrule, l'apparition du vert de lissamine dans les tubes
distaux et Ia pression hydrostatique intratubulaire proximale
proche de Ia normale ne sont pas en faveur d'un role important
d'une "fuite" transtubulaire du filtrat glomerulaire ou d'une de-
struction tubulaire dans Ia diminution de GFR a Ia 6e heure.
Après 48 heures, une diminution proportionnelle encore accrue
de RBF et GFR est observée, respectivement, a 29% et 26% des
valeurs contrOles. Les debits de filtration individuels des nCphrons
ne peuvent étre mesurés qu'en des sites proximaux proches des
glomérules, ce qui suggére que les etudes tardives par micro-
ponctions de ce modèle d'ARF sont limitées par les alterations
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anatomiques liées au nitrate d'urane. L'analyse du lavage au
"3Xe, des autoradiographies avec 85Kr et des moulages vascu-
laires par le silicone montrent une ischémie corticale progressive
et irrégulière. Ces rCsultats suggérent que des modifications
hémodynamiques sont responsables de la diminution de Ia fonc-
tion rénale aprCs nitrate d'urane chez le rat, quoique Ia "fuite",
particuliCrement a Ia 48e heure, ne soit pas définitivement exclue.
The mechanism responsible for renal insufficiency in
experimental acute renal failure remains controversial.
The majority of renal micropuncture studies of a
variety of models of acute renal failure [1—5] have sug-
gested that diminished effective glomerular filtration,
secondary to decreased total renal blood flow as well
as marked alterations in the intrarenal distribution of
blood flow [6—8], may result in the altered renal
function. Increased intratubular pressure [3, 5]
and passive backflow of a presumably normally
formed glomerular filtrate through necrotic tubule
epithelium [9—14] have alternatively been proposed as
mechanisms responsible for renal insufficiency in ex-
perimental acute renal failure. Earlier studies of uranyl
nitrate-induced acute renal failure have been cited as
evidence for the mechanism of passive backflow
("leak") in the genesis of renal insufficiency since
standard clearance techniques demonstrated relatively
normal renal blood flow associated with diminutions
in glomerular filtration rate (GFR) [15—17], or dimin-
ished renal blood flow in association with an increased
distribution volume of inulin [18]. However, a recent
study of uranyl nitrate-induced acute renal failure in
the dog has demonstrated marked renal hemodynamic
alterations, prior to the appearance of significant
tubule damage, suggesting that factors other than
tubule necrosis per se participate in the initiation of
renal failure after uranyl nitrate administration [7].
The purpose of the present studies was to examine,
using a variety of techniques, alterations in renal func-
tion both early (6 hr) and late (48 hr) in the course of
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uranyl nitrate-induced acute renal failure in the rat.
This model was characterized early in the course of
acute renal failure by altered renal tubule function,
proportional decreases in single nephron glomerular
filtration rate (SNGFR), whole kidney GFR and
renal blood flow. Later after uranyl nitrate admini-
stration, there were further proportional decreases in
renal blood flow and whole kidney GFR but not in
SNGFR. These results indicate that altered renal
hemodynamics may be responsible for the diminution
in renal function observed early after administration
of uranyl nitrate in the rat. Technical limitations com-
bined with marked abnormalities in renal hemodyna-
mics precluded adequate evaluations of single nephron
function at 48 hr and transtubular fluid "leak" could
not be firmly excluded.
Methods
General. All studies were performed on 275 to 325 g
male Sprague-Dawley rats. The routine diet consisted
of ad lib tap water and rat pellets (sodium, 227 mEq/
kg; potassium, 265 mEq/kg). For the induction of
acute renal failure, uranyl nitrate was administered
subcutaneously, 10 mg/kg of body wt in physiologic
saline solution (10 mg/mI). Control rats were not
sham-injected. Results were analyzed according to the
method of Snedecor and Cochran [19] and are pre-
sented as the mean SEM. Where applicable, the results
are expressed per 100 g of body wt.
Cage studies. Nine rats on the routine diet were
studied in individual cages constructed such that
accurate determinations could be made of urine
volume. A control 24-hr urine volume collection was
obtained and a 0.1-mi sample of tail venous blood
obtained for determination of blood urea nitrogen
(BUN) concentration [20]. The rats then received
uranyl nitrate; urine volume and BUN concentration
were determined 24 and 48 hr after uranyl nitrate ad-
ministration. Urine osmolality was measured on an
osmometer (Fiske, Model 66A, Uxbridge, MA), and
urine sodium and potassium concentrations were
measured on a flame photometer (IL, model 143,
Cambridge, MA).
Micropuncture studies. Renal micropuncture studies
were performed on seven control rats, and on eight rats
6 hr and seven rats 48 hr after uranyl nitrate. The rats
were anesthetized with i.p. administered pentobarbital,
50 mg/kg of body wt, and a tracheostomy performed.
Saline-moistened gauze was used to cover exposed
tissues. Renal micropuncture was performed as pre-
viously described [1, 21]. In brief, animals were placed
on a thermostatically controlled heated rat table (37°C).
The left kidney was exposed and mounted in a plastic
holder (Lucite) through an abdominal incision, and the
kidney surface bathed with warmed (37°C) mineral
oil. The bladder was catheterized with PE 50 tubing;
the left femoral vein was catheterized for infusion of
fluids and the contralateral vein catheterized for lissa-
mine green administration. Priming and sustaining
doses of '4C-carboxyl-Iabelled inulin in physiologic
saline were administered i.v., with sustaining infusions
of radioinulin adjusted to maintain a constant plasma
level of counts after the administration of uranyl
nitrate. After a minimum of 45 mm of equilibration,
urine from both kidneys was collected for 20- to 30-
mm periods.
Proximal tubule hydrostatic pressure was deter-
mined using a water manometer and 0.010- to 0.012-
mm O.D. pipettes filled with 0.5% lissamine green [1,
21]. For fluid collection three to six proximal tubules
were punctured with sharpened micropipettes of ap-
proximately 0.010 mm O.D. For random micro-
puncture of superficial cortical tubules, a column of
Sudan black-stained mineral oil, six to eight tubule
diameters in length, was injected beyond the pipette
tip. Timed collections, greater than one minute, were
obtained, care being taken to maintain a stationary oil
block without altering tubule diameter. Samples of tail
venous blood were collected after each tubule puncture.
The site of puncture in proximal tubules was deter-
mined by the subsequent dissection of intratubularly
injected latex, and expressed as the percentage of
measured length from glomerulus to end of pars recta
[1, 21]. End experimental blood pressure in the abdo-
minal aorta was 117 3 mm Hg; rats with a mean pres-
sure of less than 100 mm Hg were excluded from the
study.
Small volumes, 0.05 ml, of i.v. administered 10 g/
100 ml lissamine green were utilized to locate distal
tubules for micropuncture and for the determination
of both proximal tubule transit time and proximal dye
disappearance time. Each animal received less than
0.3 ml of lissamine green. Proximal tubule transit time
was taken as the time interval between the observation
of dye on the kidney surface ("vascular flush") and the
filling of late proximal tubules ("rosettes") by dye
columns. The time elapsed between "vascular flush"
and the disappearance of dye from the majority of
proximal tubule segments was considered to be the
proximal dye disappearance time.
A previously calibrated constant bore capillary tube
(0.15 mm I.D.) was used to measure the volume of
collected proximal or distal tubule fluid. Tubule fluid
samples and 2 l samples of plasma and urine were
counted in 10 ml of Aquasol (New England Nuclear,
Boston, MA) in a liquid scintillation spectrometer, for
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100 mm or 5,000 net counts. SNGFR was estimated
from single nephron '4C-inulin clearance as calculated
from the tubule fluid to plasma inulin concentration
ratio (TF/PIN) multiplied by the volume flow rate (V).
The fraction of filtered volume reabsorbed to the site
of nephron puncture was calculated from the following
expression: fractional reabsorption =1 —P/TF1, and
the absolute rate of tubule fluid reabsorption as the
difference between SNGFR and V. Total GFR was
calculated from the urine to plasma inulin ratio (U/PIN)
and urine flow rate, the average of at least two collec-
tion periods being used for each animal. At the con-
clusion of the experiment, a blood sample was taken
for determination of BUN concentration.
Renal hemodynamic studies. Renal hemodynamic
studies were performed and BUN concentration deter-
mined on control rats as well as at 6 and 48 hr after
administration of uranyl nitrate, nine each, using a
modification of the '3xenon washout technique for
rats described by Grandchamp et al [221. In brief, the
rats were prepared for micropuncture as already de-
scribed and the kidney placed in a lead-lined (2.5-mm-
thick) plastic chamber (Lucite). The left femoral artery
was catheterized with radio-opaque polyethylene tub-
ing, tip diameter approximately 0.2 mm O.D. The
catheter tip was localized within the aorta at, or just
above, the left renal artery orifice by external measure-
ment and radiographic analysis, and confirmed at the
conclusion of each experiment by dissection. The
catheter was kept patent by the infusion of heparinized
saline (100 U/lOO ml) at 3.0 mi/hr. For external count-
ing, the animal was covered by a lead lid (3.0 mm thick)
utilizing an adjustable lead chimney directly over the
counting chamber. Intermittent measurement of the
aortic pressure ranged between 100 and 120 mm Hg
among the various rats and remained stable during the
procedure.
At least 30 mm after completion of surgery, a bolus
of 500 to 750 i.Ci of l3axenon in 0.1 to 0.2 ml of saline
was injected into the aortic catheter, followed by a
0.1-mi saline flush. Radioactivity was externally moni-
tered for 35 to 40 mm with a two-inch collimated
sodium iodide crystal placed approximately 5 mm over
the kidney surface. The curve was plotted on semilog-
arithmic paper and analyzed as previously described
[7, 22]. Mean renal blood flow was calculated from the
initial slope of the washout curve [23] and compart-
mental flow rates from the slope of each component.
The partition coefficient for '33xenon was corrected for
the hematocrit value at the time of study [24]. The
percentage distribution of renal blood flow was cal-
culated from the zero time intercepts of the individual
exponents. In six of nine control rats, duplicate
'33xenon washout curves were performed and analyzed
in order to evaluate reproducibility as well as the
stability of the preparation.
Radioautographs were performed after injection of
86krypton (0.4 mCi in 0.4 ml saline) in four control
rats as well as three rats at 6 and 48 hr each after
uranyl nitrate administration. Within ten seconds after
injection, the left kidney was extirpated and quick-
frozen. Dental X-ray film, in contact with sagittal
kidney sections, was exposed for approximately 16 hr
at —240°C in a nitrogen freezer, developed and reverse-
printed. Serial radioautographs were not performed
since the only objective was to determine the distribu-
tion of cortical radioactivity and not the anatomic
localization of the components of 'xenon washout.
Silicone rubber injections. Silicone rubber casts of the
renal vasculature were obtained and BUN concentra-
tion determined in separate groups, four each, of nor-
mal rats as well as 6 and 48 hr after uranyl nitrate ad-
ministration. The animals were anesthetized with
pentobarbital, placed on heated rat tables and a trache-
ostomy performed (as described herein). The aorta was
catheterized with polyethylene tubing (I.D. =0.034 inch,
O.D. =0.050 inch) and patency maintained with hep-
arinized saline (100 U/l00 ml). After a minimum of
30 mill of equilibration, during which saline was ad-
ministered at the rate of 2 to 2.5 ml/hr, 2.0 ml of
silicone rubber was injected at a pressure of 100 to
120 mm Hg. The injectate was prepared by mixing
7.0 ml of MV-144 and 3.0 ml of MV-Diluent with
0.3 ml of curing agent (Microfil, Canton Bio-Medical
Products, Boulder, CO) and was used immediately
after preparation. An i.v. dose of 500 U of heparin was
given just prior to injection with the silicone rubber
compound. After completion of the injection, the
kidneys were removed, allowed to "cure" overnight at
room temperature and then dehydrated in progressively
increasing concentrations of ethyl alcohol. After
immersion in 100% ethyl alcohol for 24 hr, the kidneys
were sectioned into 1- to 2-mm-thick slices, cleared
and stored in methyl salicylate at room temperature.
Results
Cage studies. Table 1 contains the results of cage
studies before and after uranyl nitrate administration.
A progressive rise in BUN concentration was observed
after uranyl nitrate. Urine volume tended to increase
over the mean control value after administration of
uranyl nitrate and none of the animals developed
oliguric anuria, defined as urine volume less than
2.0 ml/24 hr/lOO g of body wt. Mean urine sodium ex-
cretion decreased to 69% of control at 24 hr (P <0.01)
and fell further to 38% of control at 48 hr (P <0.001).
A significant decrease from control was observed in
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Table 1. Blood urea nitrogen (BUN) concentration, urine
volume, urine electrolyte excretion and osmolality after uranyl
nitrate: Cage studies°
Control Time after uranyl nitrate
24hr 48hr
BUN 21±1 44±5b 99±6b
mg/100 ml
Urine volume, 5.5±0.6 6.9±O.3b 7.8±0.7
ml/24 hr/100 g of
body wt
Na excretion, 1.53 0.17 1.06 0.08k' 0.58 0Ø2b
mEq/24 hr/100 g of
body wt
K excretion, 0.83±0.03 0.72±0.04 O.59±O.08b
mEq/24 hr/100 g of
body wt
Urine osmolality, 1659± 87 1114±94b 896±48"
mOsm/kg of HO
Values are mean SEM for nine rats.
b Significantly different from control, P< 0.05.
mean urine osmolality both 24 hr (1114±94 mOsm/kg
of H20, P <0.01) and 48 hr (896±48 mOsm/kg of
H20, P<0.001) after uranyl nitrate administration.
Micropuncture studies. In rats undergoing micro-
puncture, the mean BUN concentration in control
animals, as well as 48 hr after uranyl nitrate admini-
stration (Table 2), was comparable to those observed
in the cage studies (Table 1). Early after uranyl nitrate
administration (6 hr), the mean total kidney GFR de-
creased to 68% of control value (P<0.0l), and was
further decreased to 26% of control (P<0.00I) at
48 hr. As in the cage studies (Table 1), urine volume
increased following uranyl nitrate administration.
Examination of the kidney surface six hours after
uranyl nitrate administration, using a dissecting micro-
scope (x 120) in animals prepared for micropuncture,
did not reveal any gross abnormalities as compared to
control rats. Intravenously injected lissamine green
was observed to promptly appear in the surface vas-
culature within three to five seconds of injection, and
mean proximal tubule transit time was not significantly
prolonged over control values (Table 3). In contrast,
there was a 24% increase (P < 0.05), as compared to
control, in the time interval between the "vascular
flush" and proximal dye disappearance. In addition,
dye was observed to appear in the distal tubule seg-
ments of each control rat and in all animals studied six
hours after uranyl nitrate.
By 48 hr after uranyl nitrate, microscopic examina-
tion of all animals prepared for micropuncture re-
vealed occasional collapsed renal tubules, small
amounts of white detritus floating within tubular
lumina and a variable degree of epithelial opaqueness.
While lissamine green promptly appeared in the surface
vasculature (three to five seconds), both proximal
tubule transit time (P < 0.05) and proximal dye disap-
pearance time (P <0.01) were prolonged 48 hr after
uranyl nitrate (Table 3). In general, far fewer lissamine
green-containing distal tubules were noted, and it was
not unusual to observe a marked delay (sometimes in
excess of two minutes) in dye appearance in the distal
tubules.
Data obtained from studies of the effect of uranyl
nitrate on single nephron function are contained in
Table 3. Samples for studies performed six hours after
uranyl nitrate administration were obtained in random
proximal tubule segments having a similar distribution,
as noted by the mean site of puncture, to that obtained
in control rats. However, micropunctures performed
for pressure measurement or fluid collection 48 hr after
uranyl nitrate administration represent the technically
best studies obtained, since tubule epithelial friability,
manifested by tubule fluid leak at the site of puncture,
led to discarding a number of punctures. The mean site
of 20 proximal tubule punctures in six rats 48 hr after
uranyl nitrate was 32 2% of proximal tubule length,
significantly (P <0.05) earlier in the proximal segment
than obtained in either control or 6-hr animals. The
Table 2. Glomerular filtration rate (GFR) and blood urea nitrogen (BUN) concentration after uranyl nitrate administration°
GFR
ml/min/100 g of body wt
U/PIN V
pJ/min/100 g of body wt
BUN
mg/lOO ml
Control 1.01±0.03 431±26 2.8±0.02 19±1
(N= 7)b6hr 0.68±0.04° 171±14° 4.0±0.03° 23±4(N=8)
48hr 0.26±0.06° 32±3° 8.2±0.9° 94±6°(N=7)
All values are mean SEM. GFR = total glomerular filtration rate (both kidneys) U/PIN =urine to plasma inulin concentration ratio,
V = urine flow rate.
b The number in parenthesis is the number of rats studied in each group.
° Significantly different from control, P< 0.05.
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Table 3. Effects of uranyl nitrate, 10 mg/kg of body wt administered subcutaneously, on single nephron functiona
Proxi.ma! tubule Distal tubule
Pressure SNGFR V TFIP,N Puncture TT PDDT SNGFR V TFP/IN
cm of H20 nl/min/100 g
of body wt
nl/min/l0O g
of body wt
site sec sec ni/nun/bOg
of body wt
ni/min/]O0 g
of body wt
Control 14.8±0.02 15.20±0.54 8.47±0.65 1.94±0.13 42±5 11.6±0.9 39.6±1.2 15.92±0.54 3.21 5.39±0.47
(42/7)' (22/7) (22/7) (21/7) (21/7) (15/7)
Time after
uranyl
nitrate
6hr 15.0±0.2 10.47±0.22° 5.02±0.24° 2.20±0.10 43±3 13.4±1.3 49.2±1.8° 10.70±0.28° 1.83±0.10° 5.67±0.41
(48/8) (26/8) (18/6) (24/8) (24/8) (14/7)
48hr 14.7±0.6 9.90±0.50° 8.13±0.48 1.30±0.08° 32±2° 26.4±2.3° 55.8±4.8 10.26±0.64° 3.09±0.27 3.56±0.29°
(42/7) (24/7) (20/6) (21/7) (21/7) (14/7)
0. All values are mean sSM. SNGFR = single nephron glomerular filtration rate; V = volume flow; TF/P,N = tubule fluid to plasma inulin concentration
ration; TT=transit time; PDDT=proximal dye disappearance time.
b The numbers in parentheses are the number of observations over the number of rats in each group.
° Significantly different from control (P <0.05).
earlier mean site of proximal tubule puncture in this
group presumably reflects the more extensive damage
in the later portions of nephrons observed after uranyl
nitrate administration [7, 25, 26].
No significant alterations in mean proximal intra-
tubular hydrostatic pressure were observed after
uranyl nitrate administration. The mean SNGFR's 6
and 48 hr after uranyl nitrate, although not statistically
different from each other (P>0.15), were significantly
reduced (P<0.00l) as compared to control values.
Anatomic evaluation of the proximal site of micro-
puncture was obtained in 22 tubules of seven control
rats and in 18 tubules of six rats 6 hr and 20 tubules of
six rats 48 hr after uranyl nitrate. No relationship was
observed between site of proximal tubule puncture and
measured SNGFR in control animals (r=0.18, F>
0.10) or at either 6 hr (r=0.15, P>0.10) or 48 hr (r=
0.14, P>0.10) after uranyl nitrate, and SNGFR's
determined at early (<40% of length) and late ( 40%
of length) proximal tubule sites (Fig. 1) were not signi-
ficantly different. Thus, no fall in SNGFR along the
proximal tubule suggestive of a transtubular inulin
"leak" was observed. Even though proximal and dis-
tal punctures were performed at random and distal
tubule punctures were not necessarily from the same
nephron unit as proximal tubule punctures, the obser-
vation that mean SNGFR's determined on proximal
and distal tubule segments were not different (F>
0.40) is also not consistent with a transtubular inulin
"leak". Similarly, the observation that lissamine
green appeared in distal tubules also suggests main-
tenance of proximal-to-distal nephron integrity after
uranyl nitrate administration.
The mean TF/PIN's in proximal and distal tubule seg-
ments six hours after uranyl nitrate were not signi-
ficantly different (F> 0.20) than those determined in
control rats (Table 3). However, 48 hr after uranyl
nitrate administration, significant reductions (P <0.01)
in these ratios were observed. Since the most distant
proximal tubular puncture 48 hr after uranyl nitrate
was at 43% of proximal tubule length, a comparison
was performed using only those values obtained at less
than 45% of tubule length in control and 6-hr rats in
order to ascertain if the reduction in proximal TF/PIN
at 48 hr was a reflection of the earlier mean site of
tubule puncture. The mean TFIP1 in 48-hr rats was
still significantly lower (P <0.01) than the mean ratios
of 1.61 0.11 in control (13 values in six rats) and
1.73 0.13 in 6-hr rats (11 values in six rats), indicating
that the earlier mean site of puncture did not modify
the results.
6 hraulc, UN 46 6; UN
Fig. 1. Comparison of single nephron glomerular filtration
rates (SNGFR) in early (clear bars, <4O% of length) and late
(shaded bars,  4O% of length) proximal tubule segments in con-
trol rats, and 6 and 48 hr after uranyl nitrate (UN) administration.
The mean single nephron GFR (± SEM) and the number of
observations, in parenthesis, are given in each bar. No signi-
ficant differences were observed between early and late mean
values in any of the three groups of rats.
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Fig. 2. Fractional fluid reabsorption as afunction of percent proxi-
mal tubule length from glomerulus. Symbols denote individual
micropuncture values for control animals (0) as well as studies
performed 6 (U) and 48 (A) hr after uranyl nitrate administra-
tion. For controls (N=22), y=O.79x +9.82, r=O.66, P<O.01;
at 6 hr (N=18), y=0.89x +9.18, r=O.74, P<0.01; at 48 hr
(N=20), r=0.08, P>0.l0.
10 20 30 40 90 60 70
bbbbOIO IO1lIb bb
Fig. 3. Absolute fluid reabsorption as afunction ofpercent proximal
tubule length from the glomerulus. Symbols denote individual
micropuncture values as in Fig. 2. For controls (N=22),
y=0.17x —0.35, r=0.76, P<0.01; at 6 hr (N=18), y=O.09x
+ 1.35, r0.57, P<0.Ol; at 48 hr (N=20), r=0.05, P>O.1O.
Table 4. Absolute and fractional fluid reabsorption to the site of puncture in proximal and
distal tubules after uranyl nitrate administration
Absolute reabsorption to the
site of puncture
ni/mm/lOU g of body wt
Fractional reabsorp-
tion to the site of
puncture
%
Proximal Distal Proximal Distal
Control
Time after
uranyl nitrate
6hr
6.59±0.73 12.74±0.67
(22/7) (15/7)
5.10±0.50 8.89±0.30b
(26/8) (14/7)
45±4 81±2
(22/7) (15/7)
51±5 81±2
(26/8) (14/7)
48 hr 1.96±0.45b 7.02±0.55b
(24/7) (14/7)
23±4k' 69±2b
(24/7) (14/7)
The numbers in parentheses are the number of observations over the number of rats in each
group.
tO Significantly different from control (P <0.05).
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Absolute and fractional fluid reabsorption progres-
sively rose along the proximal tubule, and significant
correlations with site of tubule puncture were obtained
(Figs. 2 and 3) in control rats as well as six hours after
uranyl nitrate administration. No correlation was
observed 48 hr after uranyl nitrate. Proximal and distal
mean fractional fluid reabsorption to the site of
punctures six hours after uranyl nitrate was not differ-
ent (P>0.20) from control (Table 4). The tendency for
proximal fractional fluid reabsorption at six hours to
increase was related to a 21 % reduction (P>0.05) in
absolute fluid reabsorption, while there was a more
prominent decrease (31 %) in SNGFR. Distal fractional
fluid reabsorption at six hours was unchanged from
the control value of 81 2°,/ reflecting proportional
decreases in absolute fluid reabsorption and SNGFR
while absolute fluid reabsorption to the site of distal
puncture decreased (P <0.01) at six hours. There were
more marked and significant (P <0.001) reductions in
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fractional fluid reabsorption calculated in both proxi-
mal and distal tubules 48 hr after uranyl nitrate ad-
ministration (Table 4). These reflect the diminution of
(P <0.05) in absolute reabsorption rather than a further
alteration in SNGFR (Table 3) as compared to six
hours after uranyl nitrate. To diminish the earlier mean
site of proximal tubule puncture as a factor in the com-
parison of observed changes in fluid reabsorption at
48 hr with the other study groups, an evaluation of the
results obtained at sites less than 45% of tubule length
(as for TF/PIN) was performed. Fractional fluid re-
absorption at 48 hr was still significantly lower (P <
0.001) than the mean values of 37± 5% in control rats
(13 tubules in six rats) and 43± 4% at 6 hr (11 tubules
in six rats). Similarly, absolute fluid reabsorption at
48 hr was significantly decreased (P <0.001) from the
mean values of 5.29 0.93 and 4.65 0.43 nl/min/lOOg
of body wt in control and 6-hr animals, respectively.
This suggests that the proximal values 48 hr after ad-
ministration of uranyl nitrate (contained in Table 4 and
Figs. 2 and 3) are true indications of altered fluid re-
absorption in those tubules studied rather than simply
a reflection of an earlier site of puncture. As indicated,
the data obtained 48 hr after uranyl nitrate administra-
tion were preselected by virtue of being technically
feasible at the time of study and are, therefore, not in-
dicative of "average" superficial nephrons.
Hemodynamic studies. Duplicate '33Xe washout
was performed in six of nine control rats. Excellent
reproducibility was observed, and using paired analysis
no statistical differences were observed in values ob-
tained for component blood flow rates or percentage
distribution of initial radioactivity during the first and
second washout curves (P>0.10). The results of
133xenon washout analysis in control rats and after
administration of uranyl nitrate are illustrated in
Table 5. Mean renal blood flow 6 hr after uranyl nitrate
diminished to 2.08 0.07 ml/min/g, 64% of the mean
control value, and further decreased to 23% (P <0.001)
of control by 48 hr after uranyl nitrate. Significant
alterations in intrarenal hemodynamics were observed
after administration of uranyl nitrate. At 6 hr, mean
component I flow rate decreased to 2.82 0.16 mI/mini
g (P <0.001), and analysis of 133xenon washout 48 hr
after uranyl nitrate revealed that components I and II
were now fused and represented by a single mono-
exponential function (I—I!). The percentage distribu-
tion of initial radioactivity, a representation of the
percentage distribution of total renal blood flow to
each component [22], underwent similar alterations
after uranyl nitrate administration. The fraction of
flow supplied to component I decreased from a mean
control value of 83±2% to 48±3% (P<0.00l) 6 hr
after uranyl nitrate, and the fraction of flow to the
"fused" components (I—Il) was 42 3% at 48 hr
(Table 5).
85Krypton radioautographs demonstrated significant
alteration in the intracortical distribution of the radio-
active gas after uranyl nitrate administration. Repre-
sentative radioautographs are presented in Fig. 4. In
the control animals, 85krypton was homogeneously
distributed throughout the renal cortex within ten
seconds after injection (Fig. 4, A and B). Six hours after
uranyl nitrate, radioactivity was distinctly less homo-
geneous in distribution and diminished in intensity
(Fig. 4, C and D). A markedly heterogeneous distribu-
tion of radioactivity in the cortex was apparent 48 hr
after administration of uranyl nitrate (Fig. 4, Eand F),
areas of more normal radioactive density alternated
with areas of extremely faint to absent radioactivity.
Silicone rubber casts of the renovascular tree showed
complete filling of the renal vasculature in the control
animals (Fig. 5, A). Both peritubular capillaries and
glomeruli were filled, including areas in the outer
cortex. At six hours (Fig. 5, B) minor differences were
apparent in that filling was less complete and fewer
Table 5. 133Xenon washout renal blood flow (RBF) determinations in control rats and after acute renal failure induced by uranyl
nitrate administrationa
Component blood flow rate, rn/f rnin/g Percentage distribution of initial
Mean RBF
radioactivity, %
I II III+IV 1 2 3+4
mi/minlg
Control 3.23±0.07 4.61±0.07 1.08±0.02 0.41±0.02 83±2 13±1 4±0.04
Time after
uranyl nitrate
6 hr 2.08±0.07b 2.82±O.l61 l.43±0.llb 0.78±0.06b 48±3b 28±2b 24±4b
48 hr 0.73±0.05' 1.97±0.12 1.80±0.05" 42±3 58±6"
a Values are mean SEM for nine rats in each group.
b Significantly different from control (P <0.05).
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Fig. 4. Radioautographs obtained within ten seconds of 85krypton
injection in a control rat (A) and rats studied 6 (C) and 48 (E) hr
after uranyl nitrate administration. For comparison, photographs
of the frozen hemisection from which the radioautograph was
obtained are also presented (B = control; D =6 hr after uranyl
nitrate; F=48 hr after uranyl nitrate). Arrows indicate the corti-
comedullary junction (magnification, x 3).
glomeruli were present, although the pattern was uni-
form. At 48 hr after uranyl nitrate administration,
areas of decreased outer cortical filling as well as areas
with subcapsu!ar filling defects (Fig. 5, C) were
apparent.
Discussion
Subcutaneously administered uranyl nitrate, 10 mg/
kg of body wt, results in acute renal failure in the rat.
The pattern of acute renal failure was characterized by
progressive azotemia, declining urine osmolality and
diminishing electrolyte excretion over a 48-hr period
using cage studies. In addition to cage studies, further
techniques were utilized both early (6 hr) and late
(48 hr) in the course of uranyl nitrate-induced acute
renal failure in order to more clearly define the roles of
altered renal hemodynamics, abnormal tubule epithe-
hal function and elevated intratubular pressure in this
experimental model.
Six hours after uranyl nitrate administration, pro-
portional decreases in superficial proximal SNGFR
and total kidney GFR, 3l% and 33%, respectively,
were observed, consistent with a homogeneous altera-
tion in nephron function. The lack of significant altera-
tions in proximal intratubular pressure suggests that
tubule compression by interstitial edema, or tubule
obstruction by casts or debris, do not have significant
roles in the observed SNGFR reduction. Transtubular
"leak" of glomerular filtrate and inulin has been sug-
gested as the cause, to a variable degree, for the diminu-
tion in SNGFR observed in a variety of nephrotoxic
[9, 12, 18] or ischemic [13, 14] models of experimental
acute renal failure. This suggestion has been based on a
decreasing SNGFR as measured at sites progressively
further from the glomerulus 24 hr after administration
of HgCl2 in rats [11]; failure of the appearance of i.v.
administered lissamine green in distal nephron seg-
ments or leak of dye out of tubules, 24 hr after HgC12
in rats [11, 12]; decreased recovery of intratubularly
injected radioinsulin 24 hr after HgCl2 [11, 12],
72 hr after dichromate [10] and 1 hr to seven days
after total renal ischemia [13, 14] in rats; or,
increased volume of inulin distribution 24 to 96 hr
after uranyl nitrate administration in dogs [18]. The
lack of fall in SNGFR at sites more distal to the glomer-
ulus and the repeated demonstration of the appear-
ance of lissamine green within distal tubules six hr after
uranyl nitrate, and the lack of marked histopathologic
abnormalities early after uranyl nitrate [7], are not
consistent with significant tubular fluid "leak". With-
out estimations of the recovery of microinjected
radioinulin, a transtubular "leak" cannot be rigidly
excluded. However, inulin "leak" earlier than 24 hr in
the course of experimental acute renal failure has only
been observed after total renal ischemia. The inability
of Daugharty and co-workers [27] to demonstrate an
inulin "leak" early after incomplete renal ischemia,
sufficient to reduce GFR by 33%, suggests that the
demonstration of "leak" early in this model of acute
renal failure is more likely related to the totality of the
ischemia than the diminution in renal function. Thus,
direct measurements of radioinulin recovery [27] and
indirect observations do not demonstrate a significant
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Fig. 5. Representative silicone rubber casts of the renovascular tree obtained in a control rat (A), and rats at 6 (B) or 48 (C) hr after
uranyl nitrate (magnification, x 8).
role for transtubular "leak" early in the course of
ischemic or uranyl nitrate-induced acute renal failure.
The decrease (P <0.01) in absolute fluid reabsorp-
tion measured to the site of distal puncture may be a
consequence of the decrease in SNGFR at six hours,
and concomitant diminution in distal delivery. In view
of the prompt fall in sodium chloride transport ob-
served after uranyl nitrate administration in fresh water
turtle bladder epithelia [281 and the lack of significant
alteration in absolute fluid reabsorption measured to
the site of proximal tubule puncture, the decrease
more likely reflects an anatomic localization, in part, of
the effect of uranyl nitrate on tubule epithelium to an
area between the two puncture sites. This is further
supported by the observed tubule epithelial damage in
this area of the nephron after uranyl nitrate [7, 25, 26].
Analyses of 133xenon washout curves were used to
evaluate possible renal hemodynamic alterations after
uranyl nitrate administration. Determination of mean
total renal blood flow from the initial slope of the
washout curve has been demonstrated to correlate
with other measurements of renal blood flow [29].
Component I blood flow was previously demonstrated
[6] and confirmed in this study by autoradiography to
represent cortical perfusion in normal rats and rats
with acute renal failure. Early, six hours after uranyl
nitrate, there was a 35% decrease in mean total renal
blood flow, similar in magnitude to the observed re-
duction in whole kidney and single nephron GFR.
That this decrease in total renal blood flow at six hours is
a reflection of marked cortical hypoperfusion is sug-
gested by a 39% diminution in component I blood
flow rate, calculated from exponential analysis of
'33xenon washout, and confirmed by the appearance of
both autoradiographs and silicone rubber vascular in-
jections. These renal hemodynamic alterations were
not associated with reductions in mean aortic blood
pressure, as measured at the completion of micro-
puncture or during 133xenon washout studies.
At 48 hr after uranyl nitrate administration, total
kidney GFR had further decreased to 26% of control,
while measured SNGFR was essentially unchanged as
compared to the 6-hr studies. If the nephron segments
sampled were representative of overall nephron func-
tion, the observed discrepancy between single nephron
and whole kidney GFR would be consistent with
transtubular "leak" of filtrate and radioinulin beyond
the sites of micropuncture. However, the conclusion
that total kidney GFR as determined was spuriously
underestimated due to "leak", based on the presump-
tion that SNGFR as determined was representative of
the filtration rate in all nephrons, presupposes a filtra-
tion fraction greater than unity in view of the marked
suppression of renal blood flow at 48 hr. Rather, it
appears that technical limitations inherent in the micro-
puncture technique and the induced pathologic altera-
tions in combination prevented a representative
sampling of nephron function late in the course of this
model of acute renal failure. This is suggested by the
inability to randomly puncture tubules due to epithe-
hal friability, the earlier mean site of tubule puncture
in the studies obtained, and the patchy pattern of
cortical perfusion, which was consistent with con-
tinued perfusion in some nephrons and limited to
absent perfusion in others. This suggests that nephron
function was markedly heterogeneous late in the course
of uranyl nitrate-induced acute renal failure and the
studies obtained were representative only of the least
damaged or most recovered nephrons. Nephron hetero-
geneity has also been observed in other models of
acute renal failure [1, 2, 13, 30]. In those nephrons
evaluated, the relatively normal intratubular hydro-
static pressure is not consistent with tubule obstruc-
tion or compression 48 hr after uranyl nitrate admini-
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stration. Although not rigidly excluded (see above),
transtubular "leak" of filtrate does not appear to have
occurred since SNGFR was stable along the proximal
tubule and in distal nephron segments. At 48 hr there
were also marked decreases in absolute and fractional
fluid absorption in proximal and distal tubules. These
alterations in calculated fluid absorption were con-
sistent with the diminution in free water clearance
observed after uranium administration in the rabbit
[31, 32].
Further decreases in mean total renal blood flow, to
23% of control values, and more marked alterations in
intrarenal blood flow distribution were observed 48 hr
after uranyl nitrate, as compared to 6 hr. The inability
to identify component I at 48 hr by exponential an-
alysis of '33xenon washout curves suggests that the
time course of washout in this component was no
longer separable from slower, presumably noncortical,
components, which is consistent with a further de-
crease in cortical perfusion [33, 34]. Examination of
85krypton autoradiographs and silicone rubber vascu-
lar casts also reveals greatly decreased and patchy
cortical perfusion.
During the study interval, between 6 and 48 hr after
uranyl nitrate administration in the rat, total kidney
GFR and total renal blood flow progressively declined
and cortical hypoperfusion became manifest. Recent
evidence indicates that SNGFR in the rat is a highly
plasma flow-dependent process [35, 36]. In view of the
marked abnormalities in renal cortical perfusion, the
decrements in single nephron and whole kidney GFR's
after uranyl nitrate administration may have been due
to a renal plasma flow-dependent diminution in net
glomerular ultrafiltration pressure, as has been sug-
gested in a model of postischemic acute renal failure in
the rat [27]. Renal hemodynamic alterations similar to
those observed after uranyl nitrate in the rat have been
reported in human and experimental acute renal failure
of diverse etiologies [6—8, 33, 34, 37], leading to the
suggestion that there may be one common denomin-
ator in many forms of acute renal failure. The observa-
tions of similar renal hemodynamic alterations with-
out acute renal failure [38, 39] and the lack of func-
tional improvement after vasodilator-induced increases
in renal blood flow during acute renal failure [40, 41]
suggest that factors other than renal hemodynamic
alterations probably also participate in the patho-
physiology of acute renal failure. The evaluations of
nephron function were not suggestive of a primary or
dominant role for altered intratubular pressure. In-
direct evidence did not indicate significant transtubular
"leak" of filtrate, but a role for this mechanism in the
observed reduction of GFR cannot be conclusively
excluded since estimates of intratubularly injected
radioinulin recovery were not obtained. Heterogeneity
of nephron function 48 hr after uranyl nitrate admini-
stration precluded micropuncture study of a group of
nephrons in which transtubular "leak" or elevated
intratubular pressure may have more prominently in-
fluenced SNGFR.
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